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Method and apparatus for transmitting a wavelength division multiplexed (WDM) signal 
through an optical transmission line to reduce the effects of stimulated brillouin scattering 
(SBS) 



(57) A method and apparatus for transmitting a 
wavelength division multiplexed (WDM) signal through 
an optical transmission line to reduce the effects of stim- 
ulated Brillouin scattering (SBS). The WDM signal 
includes a plurality of light signals multiplexed together. 
The WDM signal is transmitted through the optical 
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transmission line so that the intensity per light signal is 
higher than an intensity threshold at which stimulated 
Brillouin scattering (SBS) occurs for a single light signal 
individually transmitted to the optical transmission line. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is based on, and claims priority to, 
Japanese application number 09-050738, filed on 
March 5, 1997, in Japan, and which is incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to the transmission of 
a wavelength division multiplexed (WDM) signal through 
an optical fiber transmission line to reduce or eliminate 
the effects of stimulated Brillouin scattering (SBS). 

2. Description of the Related Art 

Optical communication systems using fiber optical 
transmission lines are being used to transmit relatively 
large amounts of information. In a typical optical com- 
munication system, a light source produces light which 
is then modulated with data. The modulated light is 
input to, and transmitted through, an optical fiber trans- 
mission line. A receiver receives the modulated light 
from the optical fiber transmission line, and demodu- 
lates the light to obtain the data. 

Unfortunately, the transmission quality of the trans- 
mitted light will be reduced by stimulated Brillouin scat- 
tering (SBS) if the intensity of the light input to the 
optical fiber transmission line is greater than a predeter- 
mined SBS threshold level. 

More specifically, SBS refers to a phenomenon in 
which a nonlinear effect occurs in an optical fiber trans- 
mission line when a coherent light from a light source is 
input to the optical fiber transmission line at a higher 
intensity than a predetermined SBS threshold level, and 
the optical incident power is progressively increased. As 
a result of SBS, a light having higher light intensity is 
returned to the light source. This returned light has an 
undesirable effect on the light source. 

In particular, SBS has a severely negative influence 
when the light source is a semiconductor laser and an 
optical fiber amplifier is used to amplify the light pro- 
duced by the semiconductor laser. 

Therefore, the intensity of light produced by a light 
source and input to an optical fiber transmission line is 
limited by the SBS threshold level of the optical fiber 
transmission line, thereby limiting the transmission dis- 
tance. 

Various conventional techniques are available for 
suppressing SBS. For example, in a conventional tech- 
nique, the intensity of light produced by a light source is 
below the SBS threshold level. See, for example, US 
Patent No. 4,560,246. 

In an additional conventional technique, the optical 



frequency or phase of the optical signal input to an opti- 
cal transmission line is modulated to spread the coher- 
ent optical spectrum, to thereby suppress SBS. See, for 
example, "Nonlinear fiber optics" by Govind P. Agrawal, 
s published by the Academic Press, Inc., pages 268 and 
269. 

SBS also occurs in optical communication systems 
employing wavelength division multiplexing (WDM). 
Generally, WDM is used in optical communication sys- 

10 terns to transfer a relatively large amount of data at a 
high speed. With WDM, a plurality of light signals, each 
modulated with information, is combined into a wave- 
length division multiplexed (WDM) light. The WDM light 
is then transmitted through a single optical fiber (an opti- 

15 cal fiber transmission line) to a receiver. The receiver 
splits the WDM light into the individual light signals, so 
that the individual light signals can be detected. In this 
manner, a communication system can transfer a rela- 
tively large amount of data over a single optical fiber. 

20 In optical communication systems employing 
WDM, the above-described conventional techniques 
can be used to suppress SBS. For example, the light 
signals in the WDM signal can be set at an intensity 
which is lower than the SBS threshold level of the opti- 

25 cal fiber. Alternatively, in optical communication sys- 
tems employing WDM, the frequency or phase of light 
signals produced by a light source can be modulated to 
suppress SBS. 

Unfortunately, with the conventional techniques for 

30 suppressing SBS, the intensity of a light signal pro- 
duced by a light source is limited since it must be below 
the SBS threshold level. As a result, when the number 
of light signals multiplexed together into the WDM signal 
is increased, the intensity per light signal will likely be 

35 further reduced, thereby reducing the transmission dis- 
tance of the WDM signal. 

SUMMARY OF THE INVENTION 

40 It is an object of the present invention to provide a 
method an apparatus for suppressing SBS in an optical 
communication system employing WDM, where the 
intensity of lights produced by light sources can be 
above the SBS threshold level. 

45 Additional objects and advantages of the invention 
will be set forth in part in the description which follows, 
and, in part, will be obvious from the description, or may 
be learned by practice of the invention. 

The foregoing objects of the present invention are 

so achieved by providing and apparatus and method for 
transmitting a wavelength division multiplexed (WDM) 
signal through an optical fiber transmission line. The 
WDM signal includes a plurality of light signals multi- 
plexed together. The WDM signal is transmitted to the 

55 optical transmission line so that the intensity per light 
signal is higher than an intensity threshold at which 
stimulated Brillouin scattering (SBS) occurs for a single 
light signal individually transmitted to the optical trans- 
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mission line. Preferably, the WDM signal includes at 
least six light signals multiplexed together. Moreover, 
the intensity of each light signal can be higher than the 
intensity threshold at which SBS occurs for a single light 
signal individually transmitted to the optical transmis- § 
sion line. 

Objects of the present Invention are also achieved 
by providing an optical communication system which 
suppresses SBS. At least six light sources each pro- 
duce a respective, corresponding light signal. The light w 
signal produced by each respective light source is at a 
different wavelength than the light signals produced by 
the other light sources. At least six modulators corre- 
spond, respectively, to the at least six light sources. 
Each modulator modulates the light signaJ produced by is 
the corresponding light source. A multiplexer multi- 
plexes the modulated light signals into a wavelength 
division multiplexed (WDM) signal. The WDM signal is 
transmitted through the optical transmission line so that 
the intensity per light signal is higher than an intensity 20 
threshold at which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually transmitted to 
the optical transmission line. 

BRIEF DESCRIPTION OF THE DRAWINGS 25 

These and other objects and advantages of the 
invention will become apparent and more readily appre- 
ciated from the following description of the preferred 
embodiments, taken in conjunction with the accompa- 30 
nying drawings of which: 

FIG. 1 is a diagram illustrating an optical communi- 
cation system which measures a characteristic of 
an optical signal to suppress SBS, according to an 35 
embodiment of the present invention. 
FIG. 2 is a graph showing the SBS threshold level 
for each semiconductor laser of the optical commu- 
nication system in FIG. 1 , according to an embodi- 
ment of the present invention. 40 
FIG. 3 is a graph showing the SBS threshold level 
of the optical communication system in FIG. 1 when 
the number of wavelength multiplexed light signals 
is increased, according to an embodiment of the 
present invention. 45 
FIG. 4 is a diagram showing the SBS threshold 
level of the optical communication system in FIG. 1 
when a coded pattern is changed, according to an 
embodiment of the present invention. 
FIG. 5 is an additional diagram showing the SBS so 
threshold level of the optical communication system 
in FIG. 1 when a coded pattern is changed, accord- 
ing to an embodiment of the present invention. 
FIGS. 6(A). 6(B). 6(C). 6(D). 6(E), 6(F) and 6(G) are 
graphs illustrating spectrum characteristics of the ss 
semiconductor lasers illustrated in FIG. 1, accord- 
ing to an embodiment of the present invention. 
FIGS. 7(A), 7(B), 7(C) and 7(D) are graphs showing 
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spectrum characteristics depending on different 
signal patterns, according to an embodiment of th 
present invention. 

FIGS. 8(A), 8(B), 8(C) and 8(D) are graphs showing 
the characteristic of a wavelength W1 when the out- 
put of multiplexed wavelengths is increased, 
according to an embodiment of the present inven- 
tion. 

FIGS. 9(A), 9(B), 9(C) and 9(D) are graphs illustrat- 
ing the characteristic of a wavelength W5 when the 
output of multiplexed wavelengths is increased, 
according to an embodiment of the present inven- 
tion. 

FIGS. 10(A), 10(B), 10(C) and 10(D) are graphs 
showing the characteristic of a wavelength W8 
when the output of multiplexed wavelengths is 
increased, according to an embodiment of th 
present invention. 

FIG. 1 1 is a graph showing the characteristic of a 
wavelength W3, according to an embodiment of the 
present invention. 

FIGS. 12(A), 12(B), 12(C), 12(D), 12(E) and 12(F) 
are graphs showing the characteristic of four-pho- 
ton mixing of an output of multiplexed wavelengths, 
according to an embodiment of the present inven- 
tion. 

FIG. 13 is a diagram illustrating a transmission sid 
of an optical communication system, according to 
an embodiment of the present invention. 
FIG. 14 is a diagram illustrating a reception side of 
an optical communication system, according to an 
embodiment of the present invention. 
FIG. 15 (prior art) is a table illustrating the genera- 
tion of pseudo-random patterns using shift registers 
connected in stages. 

FIG. 16 (prior art) is a diagram illustrating a pattern 
generating circuit in accordance with the table of 
FIG. 15. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Reference will now be made in detail to the present 
preferred embodiments of the present invention, exam- 
ples of which are illustrated in the accompanying draw- 
ings, wherein like reference numerals refer to like 
elements throughout. 

FIG. 1 is a diagram illustrating an optical communi- 
cation system which measures a characteristic of an 
optical signal to suppress SBS, according to an embod- 
iment of the present invention. Referring now to FIG. 1 , 
semiconductor lasers (LD) 1-1 through 1-8 each emit a 
respective light signal. Each light signal is preferably at 
a different wavelength than the other light signals, so 
that each light signal represents a different channel for 
transmitting information. An optical coupler (CPL) 2 
multiplexes the light signal into a wavelength division 
multiplexed (WDM) signal, and an optical modulator (LN 
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Modulator) 3 modulates the WDM signal. Preferably, 
optical modulator 3 digitally modulates the amplitude of 
a pseudo-random pattern PN 23 using an NRZ signal 
from a pulse pattern generator (PPG) 3-1. Pseudo-ran- 
dom patterns, such as PN 23, will be described in more 
detail below. 

A polarization scrambler (SCR) 4 passes the WDM 
signal without scrambling. Optical amplifiers 5-1 and 5- 
2 amplify the WDM signal and then transmit it to an opti- 
cal transmission line 6 made of, for example, pure silica 
fiber. Optical transmission line 6 has a length of, for 
example, 140 Km. 

The intensity of light input to optical transmission 
line 6 is detected by a light intensity monitor (power 
meter) 8-2 through an attenuator 7-2. Moreover, if SBS 
occurs, light will be returned back through optical trans- 
mission line 6. The returned light is detected by a light 
intensity monitor (power meter) 8-1 through an attenua- 
tor 7-1. 

FIG. 1 also illustrates an LN type E/O module 3-3 
and a pulse pattern generator (PPG) 3-2, which will be 
described in more detail further below. 

FIG. 2 is a graph showing the SBS threshold level 
for semiconductor lasers 1-1, 1-2, 1-3, 1-4, 1-5, 1-6, 1-7 
and 1-8, according to an embodiment of the present 
invention. In FIG. 2, the horizontal axis represents P| N , 
that is, the intensity detected by light intensity monitor 8- 
2. The vertical axis represents Pback/Pin. that is, the 
ratio of the intensity detected by light intensity monitor 
8-1 to the intensity detected by light intensity monitor 8- 
2. 

In the example of FIG. 2, the wavelength of the light 
signal produced by semiconductor laser 1-1 is, for 
example, 1553.9 nm and is hereinafter referred to as 
"W1 ". The wavelength of the light signal produced by 
semiconductor laser 1-2 is, for example, 1554.9 nm and 
is hereinafter referred to as "W2". The wavelength of the 
light signal produced by semiconductor laser 1-3 is, for 
example, 1555.9 nm and is hereinafter referred to as 
n W3*\ The wavelength of the light signal produced by 
semiconductor laser 1-4 is, for example, 1556.9 nm and 
is hereinafter referred to as "W4 W . The wavelength of the 
light signal produced by semiconductor laser 1 -5 is, for 
example, 1557.9 nm and is hereinafter referred to as 
"W5". The wavelength of the light signal produced by 
semiconductor laser 1 -6 is, for example, 1558.9 nm and 
is hereinafter referred to as W W6". The wavelength of the 
light signal produced by semiconductor laser 1 -7 is, for 
example, 1559.9 nm and is hereinafter referred to as 
"W7". The wavelength of the light signal produced by 
semiconductor laser 1-8 is, for example, 1560.9 nm and 
is hereinafter referred to as "W8 W . 

As indicated by FIG. 2, the SBS threshold level of 
the light signals produced by the semiconductor lasers 
is not f ixed, but is in a range from 8 dBm to 1 1 dBm. 
Moreover, each wavelength exhibits a similar shaped 
characteristic curve. As previously described, the SBS 
threshold level is the level of the light signal which 



causes light to be returned back to the semiconductor 
laser through optical transmission line 6. 

FIG. 3 is a graph showing the SBS threshold level 
of the optical communication system in FIG. 1 when the 

5 number of wavelength multiplexed light signals is 
increased, according to an embodiment of the present 
invention. More specifically, FIG. 3 shows the case in 
which a plurality of light signals at different wavelengths 
are added one by one, starting with semiconductor laser 

10 1-1 under the conditions shown in FIG. 2. In FIG. 3, W1 
indicates the case where semiconductor laser 1 -1 singly 
emits a light signal. Wl -W2 indicates the case in which 
light signals are emitted from both semiconductor lasers 
1-1 and 1-2. W1--W3 indicates the case in which light 

15 signals are emitted from all of semiconductor lasers 1 -1 
through 1-3. Similarly, semiconductor lasers are 
increased one by one to measure the SBS threshold 
level of each of the combinations up to W1 --W8. 

Referring now to FIG. 3, the SBS threshold level 

20 (that is, the level of the light input into optical transmis- 
sion line 6 which causes light to be returned back to the 
semiconductor lasers) of W1 is approximately 8 dBm. 
The SBS threshold level of W1 --W2 is approximately 10 
dBm with 7 dBm per wave. The SBS threshold level of 

25 W1 ~W3 is approximately 1 3 dBm with 8 dBm per wave. 
The SBS threshold level of W1 --W4 is approximately 1 4 
dBm with 8 dBm per wave. The SBS threshold level of 
W1 -W5 is approximately 1 5 dBm with 8 dBm per wave. 
The SBS threshold level of W1-W6 is approximately 16 

30 dBm with 8.2 dBm per wave. The SBS threshold level of 
W1--W7 is approximately 16 dBm with 7.5 dBm per 
wave. The SBS threshold level of W1--W8 is approxi- 
mately 16 dBm with 7 dBm per wave. 

Here, the above-described SBS threshold levels 

35 are directly identifiable from FIG. 3. For example, as 
indicated above, the SBS threshold level of W1--W2 is 
approximately 10 dBm. This SBS threshold level can be 
seen from FIG. 3, where light begins returning at 
approximately 10 dBm for Wl --W2. The above- 

40 described "per wave" values (such as the 7 dBm "per 
wave" value for W1 ~W2) can easily be determined from 
the data in FIG. 3. 

As illustrated in FIG. 3, as the number of light sig- 
nals, or wavelengths, multiplexed together becomes 

45 equal to or greater than six (6), the slope of the corre- 
sponding characteristic curve decreases. More specifi- 
cally, the rate of increase of SBS decreases as the 
number of multiplexed light signals is set at six (6) or 
more. 

so Therefore, the rate of increase for the value of a 
returned light from optical transmission line 6 exceeding 
the SBS threshold level can be reduced by setting the 
number of multiplexed light signals, or wavelengths, to 
six (6) or more, thereby suppressing SBS. 

55 FIG. 4 is a diagram showing the SBS threshold 
level of the optical communication system in FIG. 1 
when a coded pattern is changed, according to an 
embodiment of the present invention. 
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Referring now to FIG. 4, 1010 W1--8 indicates the 
state in which a WDM signal having the wavelengths 
W1 to W8 is modulated by optical modulator 3 accord- 
ing to the alternating signal of *1010* from pulse pattern 
generator 3-1 shown in FIG. 1. PN7 W1--W8 indicates 5 
the state in which a WDM signal having the wavelengths 
Wl to W8 is modulated according to the signal of the 
pseudo-random pattern PN7. PN23 W1--W8 indicates 
the state in which a WDM signal having the wavelengths 
W1 to W8 is modulated according to the signal of the w 
pseudo-random pattern PN23. 1010 W1 indicates the 
state in which a light having the wavelength W1 is mod- 
ulated according to the alternating signal of *1010*. 
PN23 W1 indicates the state in which a light having the 
wavelength W1 is modulated according to the signal of 75 
the pseudo-random pattern PN23. 

As indicated by FIG. 4, a longer period pseudo-ran- 
dom pattern produces a higher SBS suppression effect 
with a fixed number of multiplexed light signals, or wave- 
lengths. 20 

FIG. 5 is an additional diagram showing the SBS 
threshold level of the optical communication system in 
FIG. 1 when a coded pattern is changed, according to 
an embodiment of the present invention. 

More specifically, FIG. 5 shows the case in which, 25 
referring to FIG. 1. semiconductor lasers 1-1 through 1- 
7 produce light signals at wavelengths W1 through W7, 
respectively, and which are modulated by E/O module 
3-3. E/O module 3-3 generates a light with the wave- 
length W0 (1552.0 nm) using a common coding pattern 30 
and a pattern generated by pulse pattern generator 3-2. 
The modulated light signals are combined by optical 
coupler 2-2 and then provided to optical transmission 
line 6. 

W0 1 01 0 W1 --W7 PN23 indicates that W0 is modu- 35 
lated using the alternating signal *1010*. and W1 
through W7 are modulated using the pseudo-random 
pattern PN23. W0 PN23 W1--W7 PN23 indicates that 
all of W0 and Wl through W7 are modulated using the 
pseudo-random pattern PN23. W0 1010 W1--W7 1010 40 
indicates that all of W0 and W1 through W7 are modu- 
lated using the alternating signal *1010*. W0 PN23 W1- 
-W7 1010 indicates that W0 is modulated using the 
pseudo-random pattern PN23, and W1 through W7 are 
modulated using the alternating signal *1010*. 45 

As indicated by FIG. 5, a longer period pseudo-ran- 
dom pattern code produces a higher SBS suppression 
effect. 

FIGS. 6(A), 6(B), 6(C), 6(D), 6(E), 6(F) and 6(G) are 
graphs illustrating the spectrum characteristics of semi- so 
conductor lasers illustrated in FIG. 1, according to an 
embodiment of the present invention. More specifically. 
FIGS. 6(A), 6(B), 6(C). 6(D), 6(E). 6(F) and 6(G) are 
graphs illustrating, respectively, the spectrum measured 
when a single one of the wavelengths W1 . W2, W3. W5, ss 
W6, W7 and W8 is emitted from the corresponding sem- 
iconductor laser 1-1 through 1-8. The wavelength of 
semiconductor laser 1 -4 is unstable, so a result cannot 



be provided for W4. Therefore, no graph is illustrated for 
the wavelength W4. 

The total input power of the eight multiplexed light 
signals (W1 to W8) to optical transmission line 6 was 
measured at 23 dBm. 

FIGS. 7(A). 7(B), 7(C) and 7(D) are graphs showing 
spectrums measured at the output end of optical trans- 
mission line 6 (140 km), and illustrating the difference in 
characteristics between different coding patterns when 
23 dBm is input to optical transmission line 6 with eight 
(8) multiplexed light signals with wavelengths W1 to W8, 
respectively. 

More specifically, FIG. 7(A) shows the spectrum of 
wavelength W1 using the modulation signal PN23 with 
eight multiplexed wavelengths from W1 to W8. FIG. 7(B) 
shows the spectrum of wavelength W1 using the alter- 
nating signal *1010* with eight multiplexed wavelengths 
from W1 to W8. FIG. 7(C) shows the spectrum of wave- 
length W8 using the modulation signal PN23 with eight 
multiplexed wavelengths from W1 to W8. FIG. 7(D) 
shows the spectrum of wavelength W8 using the modu- 
lation signal *1010* with eight multiplexed wavelengths 
from W1 to W8. 

The spectrum obtained using the modulation signal 
PN23 is about ten times more spread than the spectrum 
shown in FIGS. 6(A), 6(B). 6(C). 6(D). 6(E). 6(F) and 
6(G), and FIGS. 7(B) and 7(D). 

FIGS. 8(A). 8(B). 8(C) and 8(D) are graphs showing 
the relationship between the spectrum of wavelength 
W1 and the intensity of the light input to optical trans- 
mission line 6 when wavelengths W1 through W8 are 
multiplexed. FIG. 8(A) indicates an optical input of 10 
dBm to optical transmission line 6. FIG. 8(B) indicates a 
total optical input power of eight multiplexed light signals 
W1 to W8 of 19 dBm to optical transmission line 6. FIG. 
8(C) indicates a total optical input power of 21 dBm to 
optical transmission line 6. FIG. 8(D) indicates a total 
optical input power of 23 dBm to optical transmission 
line 6. 

FIGS. 9(A), 9(B), 9(C) and 9(D) are graphs showing 
the relationship between the spectrum of wavelength 
W5 and the intensity of the light input to optical trans- 
mission line 6 when wavelengths W1 through W8 are 
multiplexed. FIG. 9(A) indicates an optical input of 10 . 
dBm to optical transmission line 6. FIG. 9(B) indicates 
an optical input of 19 dBm to optical transmission line 6. 
FIG. 9(C) indicates an optical input of 21 dBm to optical 
transmission line 6. FIG. 9(D) indicates an optical input 
of 23 dBm to optical transmission line 6. 

FIGS. 10(A), 10(B), 10(C) and 10(D) ar graphs 
showing the relationship between the spectrum of 
wavelength W8 and the intensity of the light input to 
optical transmission tine 6 when wavelengths W1 
through W8 are multiplexed. FIG. 10(A) indicates an 
optical input of 10 dBm to optical transmission line 6. 
FIG. 10(B) indicates an optical input of 19 dBm to opti- 
cal transmission line 6. FIG. 10(C) indicates an optical 
input of 21 dBm to optical transmission line 6. FIG. 
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10(D) indicates an optical input of 23 dBm to optical 
transmission line 6. 

Therefore, if the intensity of the WDM signal input to 
optical transmission line 6 increases as shown in FIGS. 
8 through 10, the spectrum of each wavelength is 
spread. The spectrum is spread toward a longer wave- 
length about the line spectrum with the shortest wave- 
length W1. The spectrum is spread toward a shorter 
wavelength about the line spectrum with the longest 
wavelength W8. The spectrum is spread toward both 
sides about the line spectrum with the central wave- 
length W5. 

FIG. 1 1 is a graph illustrating the spectrum of wave- 
length W3 with a light intensity 21 dBm of the WDM sig- 
nal input to optical transmission line 6. 

When the characteristics shown in FIG. 11 are 
compared with the characteristics shown in FIGS. 8 and 
9, the tendency of the shortest wavelength W1 and the 
central wavelength W5 can be determined. That is, the 
spectrum is spread toward a longer wavelength about 
the lin spectrum. 

By referring to the data shown in FIGS. 8 through 
1 1, a longer wavelength spreads its spectrum toward a 
shorter wavelength, whereas a shorter wavelength 
spreads its spectrum toward a longer wavelength. The 
central multiplexed-wavelength functioning as a bound- 
ary between the longer and shorter wavelengths and 
spreads its spectrum toward both of shorter and longer 
wavel ngths when the output of the wavelength-multi- 
plexed light signals of semiconductor lasers 1 -1 and 1-8 
are increased. 

FIGS. 12(A), 12(B), 12(C), 12(D), 12(E) and 12(F) 
are graphs showing the wavelength characteristics 
when one of the multiplexed wavelengths W1 to W8 is 
stopped. More specifically, FIG. 12 (A) indicates the 
spectrum when wavelength W1 is stopped with an input 
of 15 dBm to optical transmission line 6. FIG. 1 2(B) indi- 
cates the spectrum when wavelength W5 is stopped 
with an input of 15 dBm to optical transmission line 6. 
FIG. 1 2(C) indicates the spectrum when wavelength W8 
is stopped with an input of 1 5 dBm to optical transmis- 
sion line 6. FIG. 12(D) indicates the spectrum when 
wavelength W1 is stopped with an input of 23 dBm to 
optical transmission line 6. FIG. 12(E) indicates the 
spectrum when wavelength W5 is stopped with an input 
of 23 dBm to optical transmission line 6. FIG. 12(F) indi- 
cates the spectrum when wavelength W8 is stopped 
with an input of 23 dBm to optical transmission line 6. 

When 23 dBm is input to optical transmission line 6, 
a bit of spectrum of four-photon mixing can be detected. 

Summarizing from FIG. 2 to FIG. 12, when the 
number of multiplexed light signals, or wavelengths, 
equals or exceeds six (6), SBS is suppressed. 

Moreover, a longer pseudo-random value of a sig- 
nal pattern produces a higher SBS suppression effect. 
When the signal pattern is *1010*. SBS is not reduced. 

In multiplexing wavelengths, an SBS-occurring 
threshold is determined by a light intensity per wave and 



a spectrum line width. 

When a signal pattern is set as pseudo-random in a 
wavelength-multiplexed transmission, the spectrum line 
width of a transmission signal tends to spread. It is pre- 

5 dieted herein that the spectrum line width of a light from 
a semiconductor laser is spread by nonlinear effect 
(such as, for example, a cross-phase moderation: XPM) 
in optical transmission line 6, and SBS is suppressed. 
To effectively suppress SBS, the spectrum line 

10 width should be increased at an early stage after the 
light is input to optical transmission line 6. 

FIG. 1 3 is a diagram illustrating a transmission side 
of an optical communication system, according to an 
embodiment of the present invention. Referring now to 

15 FIG. 13, the optical communication system includes 
optical modulators 31 through 38 (although only optical 
modulators 31 and 38 are shown), drivers 3-41 through 
3-48 (although only driver 3-41 and 3-48 are shown), 
scramblers 3-51 through 3-58 (although only scram- 

20 biers 3-51 and 3-58 are shown), attenuators 10-1 
through 10-8 (although only attenuators 10-1 and 10-8 
are shown), an optical isolator 8, optical amplifiers 5-1 
and 5-2, and a dispersion compensator 9. However, 
there are many different possible configurations for the 

25 transmission side of the optical communication system, 
and the present invention is not intended to be limited to 
any specific configuration. 

The interval of the wavelengths from semiconductor 
lasers 1-1 through 1-8 is preferably set to a value equal 

30 to or smaller than 1 nm to enlarge the influence of the 
XPM. Moreover, preferably, input signals to scramblers 
3-51 through 3-58 are NRZ signals, to enlarge the influ- 
ence of the XPM. In the present example, it is recom- 
mendable that scrambling be made at stage 7 or longer 

35 period in a maximum period sequence corresponding to 
PN7 or higher in a pseudo-random pattern, based on 
the measurement result shown in FIG. 4. 

A signal output from scrambler 3-51 is input to 
driver 3-41 for driving optical modulator 31, and a light 

40 from semiconductor laser 1-1 is modulated by modula- 
tor 31. To modulate the light with enhanced influence of 
the XPM, the light is preferably digitally modulated in 
amplitude. 

The output from modulator 31 is input to attenuator 
45 10-1, and the output level is controlled by using the rela- 
tionship between the level of a light from another semi- 
conductor laser and a gain of an optical amplifier. 

The light produced by semiconductor lasers 1-2 
through 1-8 is scrambled and processed in a similar 
so manner as that for semiconductor laser 1 -1 . 

An output from attenuator 10-1 is wavelength-multi- 
plexed with an output from semiconductor lasers 1-2 
through 1 -8 by optical coupler 2, to produce a WDM sig- 
nal. The polarization of the WDM signal from optical 
55 coupler 2 is scrambled by polarization scrambler 4, and 
then amplified by optical amplifier 5-1 . 

An output from optical amplifier 5-1 is connected tcf 
optical amplifier 5-2 through optical isolator 8. Optical 
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amplifiers 5-1 and 5-2 each comprise an erbium doped 
fiber (EDF) and each amplifier preferably levels ampli- 
fied bands by assigning different gains. The output from 
optical amplifier 5-2 is higher than the light intensity of 
the threshold level of SBS which occurs in optical trans- 5 
mission line 6 when light is transmitted with a single 
wavelength. 

The output from optical amplifier 5-2 is input to opti- 
cal transmission line 6 through dispersion compensator 
9 provided at the terminal of optical transmission line 6. 10 
Dispersion compensator 9 not only compensates for the 
dispersion of optical transmission line 6 but also inten- 
tionally generates a nonlinear effect by setting the type 
of dispersion compensator 9 and the amount of its dis- 
persion compensation to a predetermined value so that 15 
the spreading of the width of the spectrum can be per- 
formed at an early stage after light is input to optical 
transmission line 6. 

An effective dispersion compensator 9 can be, for 
example, a dispersion compensation fiber (DCF) or a 20 
dispersion shifted fiber (DSF) indicating the largest non- 
linear effect and guaranteeing dispersion compensation 
of an optical transmission line. 

FIG. 14 is a diagram illustrating a reception side of 
an optical communication system, according to an 25 
embodiment of the present invention. 

Referring now to FIG. 14. a WDM signal is transmit- 
ted through optical transmission line 6 and is amplified 
by a preamplifier 22. A dispersion compensator 24 can 
be provided to compensate for dispersion. A demulti- 30 
plexer 26 demultiplexes the WDM signal into individual 
signal lights which are detected by receivers 28-1 
through 28-8 which can be, for example, PIN photodi- 
odes, or APD diodes. Of course, there are many differ- 
ent possible configuration for the reception side of an 35 
optical communication system, and the present inven- 
tion is not intended to be limited to any specific configu- 
ration. 

According to the above embodiments of the present 
invention, SBS can be suppressed by setting the light 40 
intensity of a WDM signal transmitted through an optical 
transmission line to be higher than the light intensity at 
which SBS occurs for a single light transmitted through 
the optical transmission line. Furthermore, the SBS 
suppression effect can be improved by scrambling an 45 
input signal at stage 7 or longer period in a maximum 
period sequence. The SBS suppression effect can also 
be improved by using an input signal of NRZ, digitally 
modulating the optical amplitude, and shortening the 
wavelength interval to 1 nm or less. so 

The above embodiments of the present invention 
illustrate an optical communication system having a 
specific number of semiconductor lasers, each produc- 
ing a respective light signal. However, the present 
invention is not intended to be limited to a specific 55 
number of semiconductor lasers or a specific number of 
wavelength multiplexed signal lights. Moreover, the 
present invention is not intended to be limited to the use 
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of any specific type of light source. 

Therefore, according to the above embodiment of 
the present invention, a WDM signal is transmitted to an 
optical transmission line so that the intensity per light 
signal is higher than an intensity threshold at which 
stimulated Brillouin scattering (SBS) occurs for a single 
light signal individually transmitted to the optical trans- 
mission line. For example, in FIG. 1, each semiconduc- 
tor laser 1-1 through 1-8 can produce a respective light 
signal which is higher than the intensity threshold at 
which SBS occurs for a single light signal. These rela- 
tively high intensity light signals can then be combined 
into a relatively high intensity WDM signal which is 
transmitted through optical transmission line 6. The 
present invention recognizes that SBS is substantially 
reduced or eliminated in this situation, especially when 
at least six (6) light signals are multiplexed together. 
This can be contrasted to conventional techniques 
which required each light signal in the WDM signal to be 
less than the intensity threshold at which SBS occurs for 
a single light signal. 

Various of the above embodiments of the present 
invention relate to the use of pseudo-random patterns, 
such as those described above as PN 7 or PN 23. 
Pseudo-random patterns are often generated in accord- 
ance with standard, well-known testing pattern guide- 
lines, to provide a random pattern having a specific 
period. The generation of pseudo-random patterns is 
well-known by persons of skill in the art. 

For example, such pseudo random patterns are 
generated by various logic components, such as flip- 
flops, connected together to provide an appropriate pat- 
tern. For example, pseudo-random pattern PN 7 refers 
to logical elements, such as flip-flops, connected 
together in seven (7) stages to produce a random pat- 
tern having a period of (2 7 - 1) bits. Similarly, for exam- 
ple, pseudo-random pattern PN 23 refers to logical 
elements connected together in twenty-three (23) 
stages to produce a random pattern having a period of 
(2 23 - 1) bits. Pseudo-random pattern PN 23 is a ran- 
dom pattern having a longer period than pseudo-ran- 
dom pattern PN 7. 

Therefore, a pattern can be described in relation to 
the number of stages for producing the pattern. For 
example, a seven stage pattern is a pattern having a 
period of (2 7 - 1) bits. PN 7 is such a seven stage pat- 
tern. A pattern which is longer than a seven stage pat- 
tern would have more than seven stages and would 
have a period longer than (2 7 - 1) bits. PN 23 is pattern 
which is longer than PN 7 and therefore has a period 
longer than (2 7 - 1 ) bits. The use of stages to create pat- 
terns is well-known in the art. 

Therefore, the above embodiments of the present 
invention relate to a light signal which is modulated in 
intensity using data scrambled at stage 7 or longer, to 
thereby suppress SBS. As described above, in this 
case, stage 7 or longer refers to patterns having a 
period of (2 7 - 1 ) bits or longer. 
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FIG. 15 is a table illustrating the generation of 
pseudo-random patterns using shift registers con- 
nected in stages. FIG. 16 is a diagram illustrating a pat- 
tern generating circuit in accordance with the table of 
FIG. 15. FIGS. 15 and 16 are included in the ANRITSU 5 
Pulse Pattern Generator MP1650A Instruction Book, 
Chapter 6, Principle of Operations, which is incorpo- 
rated herein be reference. 

The generation of pseudo-random patterns can 
also be understood, for example, from the International 10 
Telecommunication Union (ITU), International Tele- 
graph and Telephone Consultative Committee (CCITT), 
"Specification of Measuring Equipment, Error Perform- 
ance Measuring Equipment Operating At The Primary 
Rate And Above". Recommendation 0.151, October is 
1992, and also from the International Telecommunica- 
tion Union (ITU), Telecommunication Standardization 
Sector of the ITU (ITU-T), "General requirements for 
instrumentation for performance measurements on dig- 
ital transmission equipment", Recommendation O.150, 20 
May, 1 996, which are incorporated herein by reference. 

In the above embodiments of the present invention, 
a transmitter transmits a WDM signal to an optical trans- 
mission line. For example, in FIG. 1 , the various semi- 
conductor lasers 1-1 through 1-8, together with optical 25 
coupler 2, would constitute a transmitter which trans- 
mits a WDM signal. Similarly, for example, in FIG. 13, 
the various semiconductor lasers 1-1 through 1-8, opti- 
cal coupler 2, and the various other elements connected 
between the semiconductor lasers and the optical cou- 30 
pier would together constitute a transmitter which trans- 
mits a WDM signal. However, there are many different 
configurations for a transmitter which transmits a WDM 
signal, and the present invention is not intended to be 
limited to any specific configuration. 35 

Similarly, in the above embodiments of the present 
invention, a receiver receives a WDM signal from an 
optical transmission line. For example, in FIG. 14, 
demultiplexer 26 and the various individual receivers 
28-1 through 28-8 can together be considered to be a 40 
receiver which receives a WDM signal. Alternatively, in 
a different configuration, an individual receiver, such as 
receiver 28-1 , could possibly receive a WDM signal and 
would therefore be considered to be a receiver which 
receives a WDM signal. Therefore, there are many dif- 45 
ferent configurations for a receiver which receives a 
WDM signal, and the present invention is not intended 
to be limited to any specific configuration. 

In the above embodiments of the present invention, 
S8S is described as being related to the intensity level so 
of light input to an optical transmission line. It should be 
noted that, generally, SBS is also dependent on the 
wavelength of the light. However, in optical communica- 
tion systems employing WDM, the WDM bandwidth is 
relatively narrow so that the wavelength dependence of 55 
SBS can be ignored. 

Although a few preferred embodiments of the 
present invention have been shown and described, it 



would be appreciated by those skilled in the art that 
changes may be made in these embodiments without 
departing from the principles and spirit of the invention, 
the scope of which is defined in the claims and their 
equivalents. 

Claims 

1 . An apparatus for transmitting a wavelength division 
multiplexed (WDM) signal which includes a plurality 
of light signals multiplexed together, the apparatus 
comprising: 

a transmitter (1-1 , 1-8, 2) transmitting the WDM 
signal to an optical transmission line (6) so that 
the intensity per light signal is higher than an 
intensity threshold at which stimulated Brillouin 
scattering (SBS) occurs for a single light signal 
individually transmitted to the optical transmis- 
sion line (6). 

2. An apparatus as in claim 1 , wherein the WDM sig- 
nal includes at least six light signals multiplexed 
together. 

3. An apparatus as in claim 1 , further comprising: 

a modulator (31, 38) modulating the light sig- 
nals in intensity with data scrambled at stage 7 
or longer. 

4. An apparatus as in claim 1 , wherein the plurality of 
light signals are at a plurality of wavelengths, 
respectively, the plurality of wavelengths being sep- 
arated by 1 nm or less. 

5. An apparatus as in claim 1 , wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 
individually transmitted to the optical transmission 
line (6). 

6. An apparatus as in claim 2, wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 
individually transmitted to the optical transmission 
line (6). 

7. An apparatus comprising: 

an optical transmission line (6); 
a plurality of light sources (1-1, 1-8) producing 
a plurality of respectively corresponding light 
signals, each light signal at a different wave- 
length than the other light signals; 
a plurality of modulation units (31, 3-51, 38, 3- 
58) modulating the plurality of light signals, 
respectively; 
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a multiplexer (2) multiplexing the plurality of 
modulated light signals into a wavelength divi- 
sion multiplexed (WDM) signal, wherein the 
WDM signal is transmitted through the optical 
transmission line (6) so that the intensity per 
light signal is higher than an intensity threshold 
at which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

8. An apparatus as in claim 7, further comprising: 
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an optical amplifier (5-1. 5-2) amplifying the 
WDM signal as the WDM signal is transmitted 
through the optical transmission line (6). 15 

9. An apparatus as in claim 7, wherein the multiplexer 
(2) comprises a coupler for multiplexing the modu- 
lated light signals. 



20 



25 



30 



35 



10. An apparatus as in claim 7, wherein the WDM sig- 
nal includes at least six light signals multiplexed 
together. 

11. An apparatus as in claim 7, wherein each modula- 
tion unit comprises: 

a scrambler (3-51 . 5-58) scrambling a data sig- 
nal; and 

a modulator (31, 38) modulating the respective 
light signal of the modulation unit with the 
scrambled data signal. 

1 2. An apparatus as in claim 1 1 , wherein the scrambler 
scrambles the data signal at stage 7 or longer. 

13. An apparatus as in claim 11, wherein the modu- 
lated light signal is an NRZ signal. 



14. An apparatus as in daim 1 1 , wherein the modufat- 40 
ing unit digitally modulates the corresponding light 
signal in amplitude. 

1 5. An apparatus as in claim 7, wherein the light signals 
are at wavelengths separated by 1 nm or less. 45 

16. An apparatus as in claim 7, further comprising: 

a dispersion compensator (9) compensating for 
dispersion in the WDM signal transmitted 
through the optical transmission line (6). 

17. An apparatus as in claim 7, wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 55 
individually transmitted to the optical transmission 
line (6). 



18. An optical communication system comprising: 

an optical transmission line (6); 
at least six light sources (1-1, 1-8), each light 
source producing a corresponding light signal, 
the light signal produced by each respective 
light source (1-1,1-8) being at a different wave- 
length than the light signals produced by the 
other light sources; 

at least six modulators (31, 38) corresponding, 
respectively, to the at least six light sources (1 - 
1 . 1 -8), each modulator (31 , 38) modulating th 
light signal produced by the corresponding light 
source (1-1, 1-8); 

a multiplexer (2) multiplexing the modulated 
light signals into a wavelength division multi- 
plexed (WDM) signal, wherein the WDM signal 
is transmitted through the optical transmission 
line (6) so that the intensity per light signal is 
higher than an intensity threshold at which 
stimulated Brillouin scattering (SBS) occurs for 
a single light signal individually transmitted to 
the optical transmission line (6). 

19. An optical communication system as in claim 18, 
wherein the intensity of each light signal is higher 
than the intensity threshold at which SBS occurs for 
a single light signal individually transmitted to the 
optical transmission line (6). 

20. An optical communication system comprising: 

an optical transmission line (6); 
at least six light sources (1-1, 1-8), each light 
source producing a corresponding light signal , 
the light signal produced by each respectiv 
light source (1-1,1-8) being at a different wave- 
length than the light signals produced by th 
other light sources; 

a multiplexer (2) multiplexing the light signals 
into a wavelength division multiplexed (WDM) 
signal, wherein the WDM signal is transmitted 
through the optical transmission line (6) so that 
the intensity per light signal is higher than an 
intensity threshold at which stimulated Brillouin 
scattering (SBS) occurs for a single light signal 
individually transmitted to the optical transmis- 
sion line (6). 



so 21. 



An optical communication system as in daim 20, 
wherein the intensity of each light signal is higher 
than the intensity threshold at which SBS occurs for 
a single light signal individually transmitted to the 
optical transmission line (6). 



22. A method for transmitting a wavelength division 
multiplexed (WDM) signal which includes a plurality 
of light signals multiplexed together, the method 
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comprising the step of: 

transmitting the WDM signal to an optical trans- 
mission line (6) so that the intensity per light 
signal is higher than an intensity threshold at 
which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

23. A method as in claim 22, wherein the WDM signal 
includes at least six light signals multiplexed 
together. 

24. A method as in claim 22, wherein the light signals 
are modulated in intensity using data scrambled at 
stage 7 or longer. 

25. A method as in claim 22, wherein the plurality of 
light signals are at a plurality of wavelengths, 
respectively, the plurality of wavelengths being sep- 
arated by 1 nm or less. 

26. A method as in claim 22, wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 
individually transmitted to the optical transmission 
lin (6). 

27. A method as in claim 23, wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 
individually transmitted to the optical transmission 
line (6). 

28. A method comprising the steps of: 

combining at least six light signals into a wave- 
length division multiplexed (WDM) signal; 
transmitting the WDM signal to an optical trans- 
mission line (6) so that the intensity per light 
signal is higher than an intensity threshold at 
which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

29. A method as in claim 28, wherein the intensity of 
each light signal is higher than the intensity thresh- 
old at which SBS occurs for a single light signal 
individually transmitted to the optical transmission 
line (6). 

30. An optical communication system comprising: 

an optical transmission line (6); 
a transmitter (1-1, 1-8. 2) transmitting a wave- 
length division multiplexed (WDM) signal to the 
optical transmission line (6), the WDM signal 
including a plurality of light signals multiplexed 



together and the WDM signal being transmitted 
so that the intensity per light signal is higher 
than an intensity threshold at which stimulated 
Brillouin scattering (SBS) occurs for a single 
5 light signal individually transmitted to the opti- 

cal transmission line (6); and 

a receiver (26, 28-1. 28-8) receiving the WDM 
signal transmitted through the optical transmis- 
sion line (6). 

10 

31. An optica! communication system as in claim 30, 
wherein the WDM signal is transmitted so that the 
intensity of each light signal is higher than the inten- 
sity threshold at which SBS occurs for a single light 

is signal individually transmitted to the optical trans- 
mission line (6). 

32. An optical communication system as in claim 30, 
wherein the WDM signal includes at least six light 

20 signals multiplexed together. 

33. An apparatus comprising: 

a receiver (26, 28-1, 28-8) receiving a wave- 
25 length division multiplexed (WDM) signal trans- 

mitted through an optical transmission line (6), 
the WDM signal including a plurality of light sig- 
nals multiplexed together and the WDM signal 
being transmitted so that the intensity per light 
30 signal is higher than an intensity threshold at 

which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

35 34. An apparatus as in claim 33, wherein the WDM sig- 
nal is transmitted so that the intensity of each light 
signal is higher than the intensity threshold at which 
SBS occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

40 

35. An apparatus as in claim 33, wherein the WDM sig- 
nal includes at least six light signals multiplexed 
together. 

45 36. A method comprising the steps of: 

transmitting a wavelength division multiplexed 
(WDM) signal to an optical transmission line 
(6), the WDM signal including a plurality of light 

so signals multiplexed together and the WDM sig- 

nal being transmitted so that the intensity per 
light signal is higher than an intensity threshold 
at which stimulated Brillouin scattering (SBS) 
occurs for a single light signal individually 

55 transmitted to the optical transmission line (6): 

and 

receiving the WDM signal transmitted through 
the optical transmission line (6). 
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37. A method as in claim 36, wherein the WDM signal 
is transmitted so that the intensity of each light sig- 
nal is higher than the intensity threshold at which 
S6S occurs for a single light signal individually 
transmitted to the optical transmission line (6). 5 

38. A method as in claim 36, wherein the WDM signal 
includes at least six light signals multiplexed 
together. 

10 

39. A method comprising the steps of: 

receiving a wavelength division multiplexed 
(WDM) signal transmitted through an optical 
transmission line (6), the WDM signal including 15 
a plurality of light signals multiplexed together 
and the WDM signal being transmitted so that 
the intensity per light signal is higher than an 
intensity threshold at which stimulated Brillouin 
scattering (SBS) occurs for a single light signal 20 
individually transmitted to the optical transmis- 
sion line (6). 

40. A method as in claim 39. wherein the WDM signal 

is transmitted so that the intensity of each light sig- 25 
nal is higher than the intensity threshold at which 
SBS occurs for a single light signal individually 
transmitted to the optical transmission line (6). 

41 . A method as in claim 39, wherein the WDM signal 30 
includes at least six light signals multiplexed 
together. 
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FIG. 6(E) 



ATTEN OdB 
RL -32.0 dBm 5 dB/ 



MKR -44.00dBm 
7.3113GHz \2 



W2 S 











































SWEEPTIME 
90 ms 























































































































































ATTEN OdB MKR -55.33dBm 

RL -32.0 dBm 5 dB/ 9.1588GHz Af 



W6 S 



CENTER 7.3643GHz SPAN 200.0MHz 

RBW 2.0MHz VBW 3.0kHz SWP 90ms 











































SWEEPTIME 
90 ms 




















































































L: 



































































CENTER 9 1682GHz SPAN 200.0MHz 

RBW 2.0MHz VBW 3.0kHz SWP 90ms 



FIG. 6(C) 



FIG. 6(F) 
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FIG. 8(A) 
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